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Supernovae type Ia data favour oupled phantom energy
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We estimate the onstraints that the reent high-redshift sample of supernovae type Ia put on
a phenomenologial interation between dark energy and dark matter. The interation an be
interpreted as arising from the time variation of the mass of dark matter partiles. We nd that
the oupling orrelates with the equation of state: roughly speaking, a negative oupling (in our
sign onvention) implies phantom energy (wφ < −1) while a positive oupling implies ordinary
dark energy. The onstraints from the urrent supernovae Ia Hubble diagram favour a negative
oupling and an equation of state wφ < −1. A zero or positive oupling is in fat unlikely at 99%
.l. (assuming onstant equation of state); at the same time non-phantom values (wφ > −1) are
unlikely at 95%. We show also that the usual bounds on the energy density weaken onsiderably
when the oupling is introdued: values as large as Ωm0 = 0.7 beome aeptable for as onerns
SNIa. We nd that the rate of hange of the mass m˙/m of the dark matter partiles is onstrained
to be δ0 in a Hubble time, with −10 < δ0 < −1 to 95% .l.. We show that a large positive oupling
might in priniple avoid the future singularity known as big rip (ourring for wφ < −1) but the
parameter region for this to our is almost exluded by the data. We also foreast the onstraints
that an be obtained from future experiments, fousing on supernovae and baryon osillations in
the power spetra of deep redshift surveys. We show that the method of baryon osillations holds
the best potential to ontrain the oupling.
I. INTRODUCTION
One of the main open problems in Cosmology is to
determine the properties of the unlustered omponent
alled dark energy that is required to explain CMB, su-
pernovae Ia, luster masses and other observational data.
Although most work on dark energy assumes it to be
oupled to the other eld only through gravity, there is by
now a rih literature on possible interations to standard
elds and to dark matter. Even before the evidenes in
favor of dark energy, a oupling between a osmi salar
eld and ordinary matter has been studied by Wetterih
[1, 2℄ while Damour, Gundlah and Gibbons [3℄ inves-
tigated the possibility of a speies-dependent oupling
within the ontext of Brans-Dike models. Generally
speaking, any low-energy limit of higher-dimensional the-
ories predits the existene of salar elds oupled to mat-
ter. More reently, several authors onsidered an expliit
oupling between dark energy and matter: we denote this
lass of models as oupled dark energy. A partial list of
works in this eld is in refs. [4, 5, 6℄. Other authors on-
sidered a oupling to spei standard model elds: to
the eletromagneti eld [7℄, to neutrinos [8℄, to baryoni
or leptoni urrent [9℄: in these ases, there are strong
onstraints from loal observations or from variation of
fundamental onstants.
In this paper we onne our attention to the intera-
tion with dark matter, as in ref. [4℄. Suh a oupling
is of ourse observable only with astrophysial [10℄ and
∗
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osmologial [11℄ experiments involving growth of pertur-
bations or global geometri eets. Notwithstanding the
large number of papers dealing with variants of oupled
dark energy, the works dediated to onstraining the in-
teration via supernovae Type Ia (SNIa) are very limited.
The main reason is that there is yet no ompelling form of
the interation (just as there is no ompelling form of the
dark energy equation of state). To make a step towards
onstraining the energy exhange between the dark om-
ponents, instead of onsidering a spei oupling moti-
vated by (or inspired by) some fundamental theory, we
adopt here a phenomenologial point of view. That is,
we assume a general relation between dark energy and
dark matter and derive its theoretial and observational
properties. Our simple relation inludes several previous
oupled and unoupled dark energy models but extends
the analysis to ases whih have not been tested so far.
The main aim of this paper is to derive bounds on the
interation strength by analysing the reent SNIa sample
of Riess et al. [12℄, whih inlude several z > 1 super-
novae. This works extends previous investigations in ref.
[13℄, whih studied the same relation between dark mat-
ter and dark energy, and in ref. [14℄, whih ompared the
reent SNIa data with a speial lass of oupled dark en-
ergy models motivated by superstrings and haraterized
by a onstant ratio of densities.
II. MODELING THE INTERACTION
Let us start with a model ontaining only dark matter
and dark energy. The basi assumption of this paper is
that the dark omponents interat through an energy ex-
hange term. The onservation equations in FRW metri
2with sale fator a an be written in all generality as
ρ˙m + 3Hρm = δHρm ,
ρ˙
φ
+ 3Hρφ(1 + ωφ) = −δHρm ,
(1)
where the subsript m stands for dark matter while the
subsript φ stands for dark energy and where δ is a di-
mensionless oupling funtion. In priniple the oupling
δ might depend on all degrees of freedom of the two om-
ponents. However, if δ is a funtion of the sale fator a
only then the rst equation of (1) an be integrated out
to give (we put the present value a0 = 1)
ρm = ρm0a
−3e
∫
δdα , (2)
where α = log a. This shows that the interation auses
ρm to deviate from the standard saling a
−3
. That is,
matter is not onserved or, equivalently, the mass m of
matter partiles ρm = m(a)n, where n is their number
density, varies with time suh that
m′
m
= δ (3)
where the prime denotes derivation with respet to α.
Therefore, δ an be interpreted as the rate of hange of
the partile mass per Hubble time.
While so far many paper have been devoted to nd
onstraints on wφ(a), aim of this paper is to derive on-
straints on δ(a) from SNIa. We need therefore a sen-
sible parametrization of δ(a). Generally speaking, we
are faed with two possibilities: either we write down a
parametrization for δ(a) and then nd from this the rela-
tion between ρm and ρφ, or rst give the latter and derive
a funtion δ(a). We nd that this seond hoie is simpler
and better onneted to previous work and onstraints.
The basi relation we start from is that the uid den-
sities sale aording to the following relation [13℄
ρφ/ρm = Aa
ξ
(4)
where A, ξ are two onstant parameters. Moreover, we
approximate wφ as a onstant: it is lear however that a
more omplete analysis should allow for a time-dependent
equation of state. The relation (4) has two useful proper-
ties: a) it inludes all saling solutions (dened as those
with ρ ∼ am) and b) the funtions ρm(a), ρφ(a) an be
alulated analytially. Sine for unoupled dark energy
models with onstant equation of state one has ρm ∼ a
−3
and ρφ ∼ a
−3(1+wφ)
it appears that the relation (4) re-
dues to this ase for ξ = −3wφ. Conversely, if ξ 6= −3wφ
then the matter density deviates from the a−3 law, as we
have seen above.
The relation (4) has been rst introdued and tested
in ref. [13℄. The present paper extends their investiga-
tion in several respets. First, we inlude baryons. Ref.
[13℄ assumed a single matter omponent, but there are
strong upper limits to an interation of dark energy with
baryons (i.e. upper limits to a non-onservation relation
like Eq. (2) for baryons, see e.g. [15℄). We will assume
therefore that baryons are unoupled while the oupling
to dark matter is left as a free parameter. This has impor-
tant onsequenes for the general behavior of the model.
Seond, ref. [13℄ onned the range of parameters to
0 < ξ < 3 and wφ > −1, while we extend the range to a
muh larger domain, thereby inluding also the regime of
phantom dark energy [17℄. Third, we use the new data
of Riess et al. [12℄: these inlude SN at z > 1 and ex-
tend therefore by a onsiderable fator the leverage arm
of the method. Fourth, we'll disuss the impliation of
the results for as onerns the beginning of the aeler-
ation. In [12℄ it was laimed that the new high-redshift
SN onstrain zacc < 1 (more exatly, zacc = 0.46± 0.13).
In ontrast with this, we show that zacc > 1 is not ruled
out at more than 95% when the oupling is non-zero.
A similar onlusion is obtained in ref. [14℄ studying a
string-motivated form of interation and in [16℄ adopt-
ing dierent parametrizations of the equation of state.
Finally, we will produe foreasts for future experiments.
Before we inlude the baryons, let us derive some re-
lations in the simplied ase of two oupled omponents
only. Assuming Ωtot = Ωφ+Ωm = 1 we obtain from (4):
Ωφ +
1
A
a−ξΩφ = 1 , (5)
so that the onstant A an be expressed in funtion of
Ωφ,0 (the subsript 0 indiates the present epoh)
A =
Ωφ,0
1− Ωφ,0
.
If the dark matter is pressureless, wm = 0, the total
energy density obeys the onservation equation
dρtot
da
+
3
a
(1 + ωφΩφ)ρtot = 0 . (6)
Therefore, assuming a onstant wφ, we obtain
ρtot = ρ0a
−3[1− Ωφ,0(1− a
ξ)]−3
ωφ
ξ , (7)
and the Friedman equation
H2 = H20a
−3[1− Ωφ,0(1− a
ξ)]−3
ωφ
ξ . (8)
It is worth remarking that this expression for H2 annot
be reprodued by a simple model of varying w, as e.g.
w(z) = w0 + w1z. This means that the eet of the
oupling is intrinsially dierent from the eet of a time-
dependent equation of state.
The relation between the saling behavior and the ou-
pling δ is easily derived by imposing the relation (4)
d
dt
(
ρφ
ρmaξ
) = 0 . (9)
We nd then
δ = −
(ξ + 3ωφ)
ρφ + ρm
ρφ . (10)
3Substituting (4) we obtain the evolution of the ou-
pling as a funtion of a
δ =
δ0
Ωφ,0 + (1− Ωφ,0)a−ξ
, (11)
where
δ0 = −Ωφ,0(ξ + 3ωφ) . (12)
III. ADDING THE BARYONS
So far we assumed a single matter omponent. How-
ever, as already antiipated, if dark energy interats with
baryons then a new long-range fore arises, on whih
there are strong experimental upper limits [3, 15℄. The
baryoni omponent has therefore to be assumed ex-
tremely weakly oupled; for simpliity, we assume here
that the baryons are totally unoupled. In priniple, of
ourse, we should allow the possibility that also part of
the dark matter itself is unoupled, as in Ref. [14℄ but for
simpliity we restrit ourselves to the basi ase in whih
all dark matter ouples with the same strength. Here
we derive the orresponding formulae when unoupled
baryons are added to the osmi uid. As it will ap-
pear lear, adding a small perentage of baryons at the
present does not hange qualitatively the t to the su-
pernovae; however, it hanges dramatially the past and
future asymptoti behavior of the osmologial model.
In all the plots and numerial results we always assume
Ωb,0 = 0.05. The parameter A now beomes
A =
Ωφ,0
1− Ωb,0 − Ωφ,0
,
from whih
δ =
δ0(1 − Ωb,0)
Ωφ,0 + (1 − Ωb,0 − Ωφ,0)a−ξ
, (13)
so that the present oupling is
δ0 = −
Ωφ,0
1− Ωb,0
(ξ + 3ωφ) . (14)
As it appears from Fig. 1, when ξ > 0 the oupling varies
from zero in the past to a onstant value δ1 = −(ξ+3wφ)
in the future. As expeted, the standard model of
unoupled perfet uid dark energy is reovered when
ξ = −3wφ. For ξ < 0 the behavior is opposite. On the
other hand, models with a onstant δ (investigated in
[14℄) are obtained for ξ = 0. In this ase, ρφ ∼ ρm: suh
behavior has been alled traking dark energy when
the regime is transient [17℄, and stationary dark energy
[4, 19℄ when the regime is the nal attrator. To empha-
size the onnetion between ξ and the oupling, we will
use in most ases the present oupling δ0 = δ(a = 1) as
free parameter instead of ξ. The parameters that har-
aterize the model are therefore (Ωφ,0, ωφ, δ0). ΛCDM
orresponds to wφ = −1 and δ0 = 0. The trend of the
oupling δ an be expanded for low redshifts as
δ ≃ δ0(1− z
ξΩm,0
1− Ωb,0
)
The sign of ξ is therefore also assoiated to the sign of
the time derivative of the oupling.
The Friedman equation is now
H2 = H20E(a)
2 , (15)
where
E2 = (1−Ωb,0)a
−3[1−
Ωφ,0
1− Ωb,0
(1−aξ)]−3
ωφ
ξ +Ωb,0a
−3 ,
(16)
whih for ξ = 0 beomes
H2 = H20{(1− Ωb,0)a
−β +Ωb,0a
−3} , (17)
where β =
1−Ωb,0+3ωφΩφ,0
1−Ωb,0
.
It is interesting to derive the asymptoti limits of
Ωb,m,φ (Figs. 2-4) Notie that, assuming wφ < 0, the
asymptoti future and past behaviour of the total den-
sity and of the density parameters of all the omponents
depends only on the parameters ξ . For ξ > 0 we have
the limits for a→ 0
Ωb →
Ωb,0
(1− Ωb,0)[1 −
Ωφ,0
1−Ωb,0
]−3ωφ/ξ +Ωb,0
, (18)
Ωm → 1− Ωb , (19)
Ωφ → 0 , (20)
while for ξ ≤ 0 we have Ωb → 1 and Ωm,Ωφ → 0, so that
the baryons dominated the past evolution even if their
present density is very low. The future asymptotis for
ξ > 0 is instead always dominated by dark energy,
Ωb → 0 , (21)
Ωm → 0 , (22)
Ωφ → 1 , (23)
For ξ < 0 we have
Ωb →
Ωb,0
(1− Ωb,0)[1 −
Ωφ,0
1−Ωb,0
]−3ωφ/ξ +Ωb,0
, (24)
Ωm → 1− Ωb , (25)
Ωφ → 0 , (26)
and nally for ξ = 0,
Ωb → 0 , (27)
Ωm →
Ωφ,0
1− Ωb,0
, (28)
Ωφ → 1−
Ωφ,0
1− Ωb,0
. (29)
4It ould be assumed that the negative values of ξ are to
be exluded, sine they imply absene of dark matter in
the past. However, we are here studying the model only
in a nite range of z near the present epoh, and for this
reason even negative ξ annot be exluded a priori. More-
over, baryons dominate in the past for ξ < 0 and they
ould oneivably drive utuation growth. However, we
will see that in fat values ξ < 0 are not favoured by SN
data.
There are other interesting features to remark in the
general behavior of the density frations. First, for δ0 6=
0 the ratio Ωb/Ωm varies in time. If ξ > 0, the ratio
varies from a onstant value in the past to innity (if
δ0 < 0) or zero (if δ0 > 0) in the future. If ξ ≤ 0 the
ratio dereases always (for wφ < 0): this variation in the
baryon-to-matter ratio due to the dark matter oupling
ould provide additional testing ground for the oupling
(e.g. [18℄).
Seond, for ξ < 0 the dark energy density vanishes
both in the past and in the future, for all values of the
equation of state: this means that the aeleration is only
a temporary episode in the universe history, as shown in
Fig. 4. The universe was dominated by the baryons in
the past, by dark energy at the present and by a mix of
baryons and dark matter in the future (for the param-
eters employed in Fig. 4 the nal value of Ωb is very
low and annot be distinguinguished from zero). For in-
stane, assuming wφ = −1,Ωφ = 0.7, ξ = −1 it turns out
that the aeleration ends in the future at z = −0.85.
This is a partiularly striking example of how the ou-
pling might ompletely modify the past and future be-
havior of the osmi evolution.
Another example omes from the existene of the fu-
ture singularity known as big rip, i.e. an innite growth
of the total energy density in a nite time [17℄. From the
Friedmann equation (16) we see that if ξ > 0, for a large
sale fator H2 behaves as a−3(1+wφ), as in the standard
unoupled model, so there is a big rip if wφ < −1. If,
instead, ξ < 0, then H2 ∼ a−3 . This means that a nega-
tive ξ prevents the big rip for any value of wφ. From (14)
we see that, assuming Ωb,0 ≪ 1, the big rip is prevented
when
δ0 > 3|wφ|Ωφ,0
However, we'll nd that this region of parameters spae
is rather disfavoured by SN data.
We are interested also in evaluating the epoh of a-
eleration. The aeleration begins when a¨ = 0 i.e. for (
ξ 6= 0)
a¨
a
=
1
2
H20{(Ωb,0 − 1)[1−
Ωφ,0
1− Ωb,0
(1− aξ)]−3
ωφ
ξ − Ωb,0
−
1
2
ωφΩφ,0a
ξ[1−
Ωφ,0
1− Ωb,0
(1− aξ)]−3
ωφ
ξ
−1} = 0
(30)
whih will be solved numerially later on. For ξ = 0 the
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Figure 1: Behavior of δ(z) for Ωφ = 0.7 and wφ = −1. Full
line: ξ = −4; dotted line: ξ = 4; dashed line: ξ = 0.
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Figure 2: Behavior of Ω(a) for ξ = 4 and wφ = −1, xing
Ωb,0 = 0.05,Ωm,0 = 0.25 and Ωφ = 0.7. Full line: dark energy;
dotted line: baryons; dashed line: dark matter.
-10 -5 0 5 10
Α=logHaL
0
0.2
0.4
0.6
0.8
1
W
Figure 3: Behavior of Ω(a) for ξ = 0 and wφ = −1 (the other
parameters are as in the previous gure). Full line: dark
energy; dotted line: baryons; dashed line: dark matter.
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Figure 4: Behavior of Ω(a) for ξ = −4 and wφ = −1 (the
other parameters are as in the previous gure). Full line:
dark energy; dotted line: baryons; dashed line: dark matter.
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Figure 5: Behavior of Ω(a) for the best-t values of ξ and wφ
(the other parameters are as in the previous gure). Full line:
dark energy; dotted line: baryons; dashed line: dark matter.
solution is
zacc = [
1− Ωb,0 − 3ωφΩφ,0
Ωb,0
]
1
3−β − 1 .
Before starting with the data analysis, we need still
another equation, the age of the universe. This is given
by
T = H−10
∫ 1
0
da
aE(a)
where E(a) is given in Eq. (16).
IV. COMPARING WITH SNIA
We used the reent ompilation of SNe Ia data [12℄
(gold sample) to put onstraints on the parameters
Ωm,0, wφ, δ0 entering the expression for H(a). In all sub-
sequent plots we marginalize over a onstant oset of the
apparent magnitude, so that all results turn out to be in-
dependent of the present value of the Hubble parameter.
In all the alulations we x Ωb,0 = 0.05.
The overall best t is Ωφ,0 = 0.62, wφ = −1.9, δ0 =
−1.5 (see Fig. 5) with a χ2=173.7 (for 157 SN), to be
ompared to a χ2 = 178 for the at ΛCDM. In Fig.
6 we present the main result of this paper: the on-
tours at 68%, 95% and 99% of the likelihood funtion
on the parameter spae δ0, wφ. The third parameter,
Ωφ,0, has been marginalized over with a Gaussian prior
Ωφ,0 = 0.7 ± 0.1. The ΛCDM model lies near 1σ from
the best t. The line ξ = 0 is tangent to the 3σ on-
tour: negative values of ξ lie above this line and appear
to be very unlikely with respet to positive values. It is
impressive to observe how the vast majority of the like-
lihood lies below the unoupled line δ0, whih is almost
tangential to the 1σ ontour, and leftward of wφ = −1.
Taken at fae value, this implies that the likelihood of
a negative oupling (dark matter mass dereasing with
time) ontains 99% of the total likelihood, and that the
likelihood of a phantom dark energy (wφ < −1) is 95% of
the total likelihood. Our onlusion is therefore that the
SNIa data are muh better tted by a negatively oupled
phantom matter than by unoupled, positively oupled
or non-phantom stu. It is interesting to note that it has
been reently observed [20℄ that oupled phantom energy
indues a repulsive interation (regardless of the sign of
the oupling).
In Figs. 7 and 8 we plot the 1-dimensional likelihood
funtions for δ0, wφ, marginalizing over the other param-
eters. The main onlusion is that urrent supernovae
data exlude a oupling δ0 > 0 at 99% .l. if no priors
are imposed on wφ. The lower bound is muh weaker: a
negative δ0 down to δ0 = −7 is allowed to to 68%. At 95%
level, the formal lower limit to δ0 is −10 but the onver-
gene to zero is very slow and values very large and nega-
tive of δ0 annot be exluded. In terms of the parameter
ξ we obtain ξ > 0 at 95% .l. while essentially no upper
limit an be put with the same ondene. In terms of
m′/m, this implies that the dark matter mass an vary
by a fration δ0 in a Hubble time. Looking at Fig. 6 one
sees that a zero or positive oupling is instead preferred
if w0 > −1. Applying the prior wφ > −1 the limits on
δ0 narrow and move to higher values: −2.5 < δ0 < 1.2
(95%).
From Fig. 8 we see that −3 < wφ < −1.2 at 68% and
−4.2 < wφ < −1 at 95% .l.. In the same Fig. 8 we plot
the likelihood for wφ in the unoupled ase. As it an
be seen, the oupled ase extends onsiderably the al-
lowed region of wφ, espeially towards large and negative
values: a negative oupling favors phantom equation of
states. This omplements the results of ref. [14℄ in whih
it was found that a positive oupling (orresponding to a
stationary behavior with ξ = 0 and wφ < 0) favours non-
phantom matter. This is a lear-ut example of how the
onlusions regarding the nature of dark energy depend
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Figure 6: Likelihood ontours at 68%, 95% and 99% .l., in-
side to outside, marginalizing over Ωφ = 0.7± 0.05 (Gaussian
prior). In this and the following two-dimensional plots the
star marks the best t; the horizontal line indiates the de-
oupled models, the vertial line separates the phantom (on
the left) from the non-phantom models (on the right); the
ΛCDM model is at the rossing point of the two lines. Below
the dashed line ξ > 0 (xing Ωφ = 0.7). On the axes, the grid
we used for the omputation.
ruially on its oupling to the rest of the world. It is in-
triguing that the orrelation between δ0 and wφ rosses
approximatively the ΛCDM ase δ0 = 0, wφ = −1: al-
though not partiularly favoured, ΛCDM remains a per-
fetly aeptable model also with respet to oupled dark
energy.
We now impose on the 2D likelihood the ontour lev-
els of the aeleration (30). Sine a negative δ0 means
a more reent surge of the dark energy it is to be ex-
peted that the likelihood favours a reent aeleration.
It turns out that indeed the best t orresponds to an a-
eleration epoh zacc ≈ 0.3; however, at the same time,
an aeleration zacc > 1 lies near 2σ and annot be ex-
luded with large ondene (Fig. 9), espeially if one
exludes phantom states of matter.
The age ontours are ompared to the likelihood in
Fig. 10. Most of the likelihood lies within the aeptable
range 11 and 14 Gyr (for h = 0.7 and Ωφ0 = 0.7). The
age onstraints are therefore rather weak.
We an also marginalize on δ0 and plot the likelihood
for Ωm0, wφ (see Fig. 11). In Fig. 12 we ompare the
likelihood for Ωm0 for the unoupled ase, δ0 = 0 and
for the general ase. Again the result is that the likeli-
hood for Ωm0 widens onsiderably. Now pratially any
value from Ωm0 = 0 to Ωm0 = 0.7 is aeptable, with
a broad peak around 0.25, while in the unoupled ase
Ωm0 peaks rather tightly around 0.4 (remember that we
are marginalizing over all values of wφ); if we restrit to
wφ > −1 then we have roughly 0.1 < Ωm0 < 0.3 at 95%.
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Figure 7: Full line: likelihood for δ0 (marginalized over Ωφ
and wφ). The horizontal dashed lines give the 68%, 95% and
99% .l., top to bottom. Dot-dashed line: likelihood for δ0
with the prior wφ > −1.
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Figure 8: Full line: likelihood for wφ (marginalized over Ωφ
and δ0). The horizontal dashed lines give the 68%, 95% and
99% .l., top to bottom. Dotted line: xing δ0 = 0.
V. FORECASTS FOR FUTURE ESPERIMENTS
A. SNAP
There are several projet to extend the SNIa dataset
both in size and in depth. No doubt they will inrease
our understanding of the dark energy problem. Here we
investigate the potential to onstrain the parameters of
the interating model with a SNIa dataset that mathes
the expetation from the satellite projet SNAP.
We generate a random atalog of redshifts and magni-
tudes of 2000 supernovae from z = 0 to z = 1.7, with a
r.m.s. magnitude error ∆m = 0.25, distributed around a
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Figure 9: As in Fig. 6, with overimposed the lines of equal
aeleration zacc = 0.2, 0.4, 1, 2 (for Ωφ = 0.7), bottom to top.
-4 -3.5 -3 -2.5 -2 -1.5 -1
w0
-10
-8
-6
-4
-2
0
2
∆
0
*
Figure 10: As in Fig. 6 with overimposed the lines of equal
age T = 11, 12, 14, 16Gyr (assuming Ωφ = 0.7, h = 0.7) ,
bottom to top.
ΛCDM osmology with Ωm0 = 0.3, δ0 = 0, w0 = −1. The
redshift have been assumed uniform in the z-range; very
likely this is not a good approximation to what SNAP will
produe but it is rather diult at the present stage to
predit what the nal z-distribution will be. It is likely in
fat that the statistial signiane of the larger number
of expeted soures at high z will be at least partially
redued by additional unertainties like lensing eets,
redshift errors, spread in the alibration urve et.. So
we preferred to keep the foreast as simple as possible
in order not to introdue additional, and not well moti-
vated, parameters.
In Fig. 13 we show the likelihood marginalized over
Ωm0. The 68% errors are of order 0.2 for w0 and 0.5 for
δ0. Suh an experiment will therefore be able to inrease
the preision in w0 in δ0 by a fator of ve, roughly.
-4 -3 -2 -1 0
w0
0
0.2
0.4
0.6
0.8
W
m
*
Figure 11: Likelihood for Ωm, wφ marginalized over δ0 with
uniform prior in (2,−10). The vertial and horizontal lines
indiate the expeted values of Ωm and w0 for a ΛCDMmodel.
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Figure 12: Likelihood for Ωm marginalized over δ0, wφ. The
dotted urve is for unoupled dark energy (δ0 = 0).
B. Baryon osillations
The main limit of the SNIa method is that even satel-
lite experiments like SNAP do not expet to detet a sig-
niant number of soures beyond z = 1.7. It has been
suggested that an interesting possibility to probe deeper
the osmi history is the reonstrution of the baryon os-
illations in the galaxy power spetrum [21℄. The method
exploits the wiggles in the power spetrum indued by the
aousti osillations in the baryon-photon plasma before
deoupling as a standard ruler. When viewed at dierent
z's, the size of the osillations map into angular-diameter
distanes that probe the osmi geometry just as the lu-
minosity distanes of the SNIa.
Here we foreast the onstraints on wφ, δ0 by baryon
osillations assuming exatly the same experimental
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Figure 13: Likelihood ontour for a SNAP-like experiment,
assuming ΛCDM (Ωm = 0.3, δ0 = 0, wφ = −1) as target
osmology.
speiation of ref. [22℄, to whih we refer for all the
details. To summarize, we evaluated the Fisher ma-
trix of several ombined datasets: ve deep surveys of
200 deg2 eah binned in redshift and entered at z =
0.7, 0.9, 1.1, 1.3, 3, plus a survey similar to the Sloan Dig-
ital Sky Survey (SDSS) in the range z = 0 − 0.3, plus a
osmi mirowave (CMB) experiment similar to the ex-
peted performane of the Plank satellite. The ve deep
surveys are assumed either spetrosopi (negligible er-
ror on z) or photometri (absolute error ∆z = 0.04).
The referene osmology is again ΛCDM as above. With
respet to the method of [22℄ we marginalize over the
growth funtion.
The results are shown in Fig. 14 for various ombina-
tions. The label z = 1 denotes the ombination of the
four surveys at z = 0.7− 1.3; z = 3 denotes the furthest
survey. In all ases we inlude the Fisher matries of
SDSS and CMB. As expeted, the deepest data are the
most powerful: the dipendene of the angular diameter
distane D on δ0 (i.e. ∂ logD/∂ log δ0) inreases by more
than a fator of 2 from z = 1 to z = 3. Consider rst
the spetrosopi ase (ontinuous urves): inluding the
survey at z = 3 pushes down the 68% .l. errors on wφ
to roughly 0.36 (not far from SNAP foreasts) and to 0.1
the error on δ0, quite better than the SNAP foreasts.
Adding the surveys at z ≈ 1 almost halves the error on
wφ (∆w0 ≈ 0.22) while is not partiular eetive versus
the error on δ0. On the other hand, the photometri sur-
veys give onstraints ∆wφ ≈ 0.6, ∆δ0 ≈ 0.5. Overall,
we onlude that the baryon osillation method at z ≈ 3
improves upon the SNAP experiment for as onerns δ0,
while has a similar eieny in onstraining wφ. In Ta-
ble I we list all present and future ontraints (at 68%) we
derived in this paper, bearing in mind that the future ex-
periments have been tested against a ΛCDM target only:
a dierent target osmology implies in general dierent
errors.
Method ∆wφ ∆δ0
Riess et al. (2004) SNIa ≈ 1 ≈ 2.5
Osillations:z = 1+z = 3, spetr. 0.22 0.09
Osillations:z = 1+z = 3, phot. 0.57 0.54
Osillations:z = 1, spetr. 0.51 0.81
Osillations:z = 1, phot 0.78 2.52
Osillations:z = 3, spetr. 0.36 0.10
Osillations:z = 3, phot. 0.64 0.66
SNAP ≈ 0.2 ≈ 0.5
Table I
VI. CONCLUSIONS
This paper studied the behavior of a model with three
omponents, baryons, dark matter and dark energy. Con-
trary to most similar analyses available in literature we
inluded a general phenomenologial oupling between
dark matter and dark energy speied by a simple but
rather general saling relation. By this extension of
dark energy models we have been able to put bounds
on the present interation between the two omponents
or, equivalently, to the rate of hange of the dark matter
partile mass. Moreover, we an appreiate the extent to
whih the onstraints on suh fundamental quantitites as
Ωm and wφ depend on the assumptions onerning the
dark energy interations.
We obtained several results that we summarize here.
1. We nd the onstraints on the oupling onstant
δ0, whih an be interpreted as the rate of hange
of dark matter mass per Hubble time. We obtain
−10 < δ0 < −1 at 95% .l. and δ0 < 0 at 99%.
2. We nd −4.2 < wφ < −1 (95% .l.). Together with
the bounds on δ0 we onlude that the urrent SN
data set favours negatively oupled phantom dark
energy. In general, we nd that the equation of
state orrelates with the oupling: positive ou-
pling implies wφ < −1, negative oupling implies
phantom energy. Quite remarkably, imposing zero
oupling peaks the osmologial onstant as pre-
ferred value of wφ.
3. Marginalizing over the oupling we derive new
bounds on Ωm0. In partiular, we nd −4 < wφ <
−1 and 0.05 < Ωm0 < 0.65 (95%) . The dark
matter density allowed region widens onsiderably
when a nonzero oupling is introdued in the model.
94. We nd as best t a value for the beginning of a-
eleration zacc = 0.3 but we annot exlude earlier
aeleration (z > 1) at more than 95% .l..
5. We nd that the addition of even a small fration
of unoupled matter, e.g. baryons, modies pro-
foundly the asymptoti behavior of the model. In
partiolar, for ξ < 0 we nd models in whih the
epoh of dark energy dominane (and aeleration)
is only temporary. Notie that this ours for wφ
negative and onstant.
6. The ratio of baryons-to-dark matter varies in our
model. Depending on ξ it may inrese or derease
with time. This may oer new methods of on-
straining a preferential oupling to dark matter.
7. The big rip that in unoupled models ours for
wφ < −1 an be prevented if δ0 > 3|wφ|Ωφ,0; how-
ever, these values are unlikely at more than 99%
.l.
Future experiments will onstrain the equation of state
and the oupling to a muh better preision. We nd
that an experiment with the speiation of SNAP might
redue the errors on δ0, wφ by a fator of ve roughly.
The method of the baryon osillations ould redue the
error on δ0 by a fator of 25 roughly. Needless to say,
these foreasts depend on the exat experimental setting;
however, they give a feeling of the expeted preision on
the dark energy parameters that an be reahed a few
years from now. Whether the nal outome will show
any trae of oupling (or, for that matter, any trae of
deviation from a pure osmologial onstant) is one of
the most exiting question to ask.
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Figure 14: Likelihood ontours at 68% estimated from a
Fisher matrix analysis of baryon osillations of several om-
bined surveys. In all plots the inner ontinuous urve is for
spetrosopi surveys, the outer dashed urve for photometri
surveys with redshift error 0.04. Top: four survey at z ≈ 1;
middle: survey at z ≈ 3; bottom: ombined surveys at z ≈ 1
and z ≈ 3. In all ases, the SDSS survey and the Fisher matrix
for a CMB experiment similar to Plank has been inluded.
